Normal reference values and a practical ap proach to CBP analysis are needed for routine clinical analysis and interpretation of xenon-enhanced computed tomography (CT) CBP studies. We measured CBP in 67 normal individuals with the GE 9800 CT scanner adapted for CBP imaging with stable Xe. CBP values for vascular territories were systematically analyzed using the cluster ing of contiguous 2-cm circular regions of interest (ROls) placed within the cortical mantle and basal ganglia. Mixed cortical flows averaged 51 ± 10 ml . 100 g -1 . min -1. High and low flow compartments, sampled by placing 5-mm circular ROIs in regions containing the highest and lowest Abbreviations used: ACA, anterior cerebral artery; CT, com puted tomography; MCA, middle cerebral artery; PCA, poste rior cerebral artery; ROI, region of interest.
Radioactive xenon has been used extensively for the measurement of regional CBF (Obrist et ai., 1975) . With the evolution of computed tomography (CT) and the availability of the radiodense stable isotope of Xe, it has been possible to tomographi cally image Xe diffusion using sequential CT im ages. Efforts to measure CBF with stable Xe were first reported in 1977 (Winkler et ai., 1977) , and in 1983 an integrated hardware and software system was developed for clinical use within a commercial CT scanner. Since then, a number of reports have suggested that Xe-CT can be a valuable adjunct in the clinical management of patients with a variety of central nervous system diseases (Meyer et ai., 1984; Tachibana et ai., 1984a; Yonas et ai., 1985 Yonas et ai., , 1987a Yonas et ai., ,b, 1989 Latchaw et ai., 1986; Webster et ai., 1986;  flow values in each hemisphere, averaged 84 ± 14 and 20 ± 5 ml . 100 g -1 • min -1, respectively. Mixed cortical flow values as well as values within the high flow com partment demonstrated significant decline with age; how ever, there were no significant age-related changes in the low flow compartment. The clustering of systematically placed cortical and subcortical ROIs has provided a nor mative data base for Xe-CT CBP and a flexible and un complicated method for the analysis of CBP maps gener ated by Xe-enhanced CT. Key Words: Cerebral blood flow-Computed tomography-Xenon. Bello et aI., 1987; Darby et aI., 1987; Marks et aI., 1988; Hughes et aI., 1989; Rutigliano et aI., 1989; Stringer et ai., 1989; deVries et aI., 1990; Yonas, 1990) .
Despite growing experience with Xe-CT, a prac tical approach to analysis of the acquired CBF data has not been forthcoming. Furthermore, there are only limited data describing normal flow values (Meyer et aI., 1981; Tachibana et aI., 1984b , Seg awa, 1985 Fatouros et aI., 1987) . The purpose of the present study was to evaluate different ap proaches to blood flow analysis and to establish normal flow values in humans.
METHODS
Sixty-seven healthy volunteers ranging in age from 22 to 78 years were accepted as "normal" based on being free of any symptoms or history suggestive of cerebro vascular, cardiovascular, or pulmonary disease. Other se lection criteria based on chemical profiles and extensive neurological or psychological testing were not included in order to derive a "normative" population appropriate for comparison in routine clinical practice. Volunteers with a history of hypertension or smoking more than a pack of cigarettes a day were excluded. Participants >60 years old had to pass a standard clinical neurological examina tion. All subjects gave informed consent in accordance with the guidelines of the University of Pittsburgh Insti tutional Review Board.
Subjects fasted for 6 h prior to the study and were awake in a lighted room with eyes and ears uncovered to simulate our usual clinical conditions for Xe-CT CBF measurement. CBF studies were performed using the standard Xe-CT CBF system adapted to the GE 9800 scanner (General Electric Medical Systems Division, Mil waukee, WI, U.S.A.). Prior to scanning, the volunteer's head was immobilized and secured with a vacuum activated cranial mold (Olympic Medical, Seattle, WA, U.S.A.). The head was aligned along the orbitomeatal plane with a laser light. A scout film was used for selec tion of CT slices. Two lO-mm-thick slices separated by lO mm were selected for CBF study. The level 1 slice passed through the basal ganglia and included the midsection of the anterior horns of the lateral ventricles, caudate, puta men, thalamus, and pineal body posteriorly ( Fig. 1 ). Level 2 was 20 mm above level 1 at the mid ventricular position ( Fig. O .
Once the scan levels were selected, the volunteer was connected to the Xe gas delivery system. A mixture of 33% Xe/67% O2 (Xe SCAN; Linde Medical Gases, Som erset, NJ, U.S.A.) was used for these studies. The airway was tightly sealed with either a facemask covering the mouth and nose or a mouthpiece combined with a nose clip. Blood pressure was obtained by a vital signs monitor (Critikon Dynamap, Tampa, FL, U.S.A.) at the beginning and end of the study. End-tidal CO2 was continuously monitored and recorded (Puritan-Bennett Corp., Wil mington, MA, U.S.A.). A pulse oximeter (Nellcor, Hay ward, CA, U.S.A.) monitored arterial oxygen saturation continuously. Subjects were coached when necessary to alter their respiratory rate and depth to maintain constant end-tidal CO2, Once the respiratory pattern and end-tidal CO2 stabilized, the blood flow study was performed. Two baseline scans were obtained at each level followed by four enhanced scans during a 4-min and 20-s gas inhala tion period.
CBF was calculated as follows: Each CT voxel was defined by a series of enhancement values as a function of time [.lCT(t) ]. The end-tidal Xe concentration, recorded by a thermoconductivity analyzer (Gow-Mac Corp., Bound Brook, NJ, U.S.A.), was assumed to be propor tional to the arterial Xe concentration .lCa(u) and was used to solve a modified Kety equation (Kety, 1951) , as suming a single compartment:
A weighted least-squares fit routine was used to derive the estimates of the two parameters flow! and A for each CT voxel using an iterative approach. Pre-and postanal ysis smoothing routines were used to reduce pixel to-pixel noise. A centrally weighted 3 x 3 pixel bell shaped smoothing routine was used before the computa tion, and a centrally weighted 9 x 9 bell-shaped smoothing routine was used after the computation. When data from a pixel could not be fit to the Xe buildup curve within the limits of allowable error, the system automat ically averaged values from the adjacent 8 pixels and sub- stituted that value. While the current system calculates a partition coefficient for each CBF determination, we elected not to display A because of its less well defined clinical significance and its greater inherent error than its associated CBF values especially for the 4.5-min inhala tion periods we utilize. Flow values in our current method are uniquely stable because errors of A and k tend to vary inversely. Thus, their multiple (flow) is more stable than either of the other variables.
For each CT slice, -25,000 CBF values were calcu lated. The following procedure was used to analyze the CBF images:
1. Two-centimeter regions of interest. Two centimeter-diameter contiguous circular regions of inter est (ROIs) were placed around the cortex of the CBF image, providing an analysis of mixed cortical flow (Fig.  2 ). In addition, 2-cm ROIs were also placed over the basal ganglia (caudate, putamen, thalamus) on the lower slice. A mean blood flow value was computed for each ROI.
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Cortical 2-cm circles within the vascular territories of De masio (1983) were grouped and the average of each ter ritory calculated.
2. High and low flow compartments. Areas of extreme flow were sampled by averaging CBF values within the 30 highest and 30 lowest regions of flow within each hemi sphere in which 5-mm diameter circular ROIs could be placed (Fig. 3 ). The CT contrast mode was utilized to display all values above a defined window level as white and all values below it as black. Areas of extreme flow were revealed by adjusting the monitor window from ei ther very high (> 150) or very low (0) toward 50 ml . 100 g-I . min-I. Five-millimeter circles were placed in ex posed regions large enough to accept this sampling vol ume, and flow within these areas was computed.
3. Vascular territories. Vascular territories were man ually traced (Fig. 2) . A "density mask" routine was used to calculate CBF in each vascular territory. A flow range of 5-120 ml . 100 g-I . min -I was chosen to avoid error in CBF calculations by incorporating regions with zero flow such as air and cerebrospinal fluid. A single mean flow value for each vascular territory was then compared with the average of all 2-cm diameter ROIs within each vascular territory as defined by Demasio (1983) in the 50-year-old age group (n = 10).
4. Correction for end-tidal CO2, CBF was corrected using the formula CBFadjusted = CBFbaseline * (0.03 * �mm Hg end-tidal CO2) 5. Correction for brain atrophy. A brain atrophy factor was calculated to evaluate the effect of atrophy on CBF calculations. Relative brain tissue was calculated by tak ing the number of pixels on the CT scan representing brain tissue (35-100 HU) and dividing by the number of pixels within the cranial cavity (0-100 HU).
Statistical analyses were performed using BMDP (BMDP Statistical Software, Los Angeles, CA, U.S.A.), a standard statistical software package. Analyses in cluded mean and SD of hemispheric, regional, and areas of highest and lowest CBF; repeated measures analysis of variance to determine hemispheric differences and differ ences between ROI and trace methods of calculating CBF; analysis of covariance to determine the effects of end-tidal CO2, gender, and age on CBF; and multiple re-
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Low Flow gression analysis to determine relationship between age, end-tidal CO2, and CBF. For analysis of the highest flow values, median flows were used as there were outliers that skewed the distribution. In all analyses, age was treated as a continuous variable. Data were presented as means ± SD, and p values of <0.05 were considered significant.
RESULTS
Excessive motion necessitated the exclusion of three subjects from analysis. Of the remaining 64 subjects, data from 7 individual slices were dis carded because a disparity in CT level prevented comparisons with the rest of the data. Subject char acteristics and physiologic data are presented in Ta ble 1.
CBF by 2-cm ROIs
Raw CBF values calculated using circular ROIs are presented in Table 2 . For levell, mixed cortical flow values measured by 2-cm circles averaged 51 ± 10 and ranged from 9 to 120 ml . 100 g-I . min -I. For level 2, mixed cortical flow values averaged 50 ± 10 and ranged from 13 to 105 ml . 100 g -I . min -I.
Flows in the basal ganglia tended to be higher than mixed cortical flows (caudate 56 ± 13, putamen 59 ± 13, thalamus 61 ± 12 ml . 100 g-I . min-I).
The mean CBF for cortical 2-cm ROls within the distributions of the anterior cerebral artery (ACA) and posterior cerebral artery (PCA) in level 1 was significantly lower than that within the distribution of the middle cerebral artery (MCA) (p = 0.0001). For level 2, CBF between the territories differed only in the left hemisphere, where the mean of ROls within the distributions of the MCA and PCA was significantly higher than that in the ACA (p = 0.001). This trend also was present in the right hemisphere; however, it was not statistically signif icant.
Hemispheric differences occurred within the dis tribution of the ACA. Mean ROls values were greater in the right hemisphere than in the left for both level 1 (right = 48 ± 13, left = 46 ± 12 ml . 100 g-I . min-I; p = 0.0037) and level 2 (right = 51 ± 12, left = 47 ± 12 mi' 100 g-I . min-I; p = 0.0001). There were no hemispheric differences in either the MCA or the PCA.
High and low flow compartments
The 30 highest flow values measured in each hemisphere within 5-mm circles averaged 85 ± 14 and ranged from 44 to 134 ml . 100 g -I . min -I, while the lowest flows averaged 20 ± 5 and ranged from 4 to 45 ml . 100 g -I . min -I .
CBF by traced vascular territories versus clustered 2-cm ROIs
Comparison of the 2-cm ROI and trace ap proaches to CBF determination revealed statistical differences between the two methods ( Table 3 ). The first occurred within the territory of the MCA on level 1 in both hemispheres (ROI > trace) (Ieft: p < 0.0001; right: p = 0.0008). The second difference occurred in the thalamus where the 2-cm ROI method yielded significantly greater flow values than the trace method in both left and right hemi spheres (Ieft: p = 0.0046; right: p = 0.0260).
Age-related changes
U sing age as a continuous variable, linear regres sion revealed a significant negative relationship be tween mixed cortical CBF and age (p < 0.0001) ( Fig. 4) . When analyzed by vascular distribution, there was no significant change in mixed cortical CBF with age in the ROIs lying within the cortical distribution of the PCA in either level 1 or 2. How ever, there was a significant decrease in mixed cor tical CBF with increasing age in both the MCA (level 1: p < 0.0001, r = -0.33; level 2: p = 0.0005, r = -0.26) and the ACA (level I: p = 0.0039, r = -0.27; level 2: p = 0.0032, r = -0.26) distribu tions. Both the caudate and the putamen demon strated reductions in CBF with increasing age (cau date: p = 0.0007, r = -0.33; putamen:p < 0.0001, r = -0.41). There was no relationship between age and CBF in the thalamus. Analysis of the high flow Values are means ± SD. Values are means ± SO. ACA, anterior cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral artery. a p = 0.0037, right> left. b p = 0.0001, right> left. c p = 0.001, ACA < MCA and PCA.
d P = 0.0001, MCA > ACA and PCA.
compartment, using median flow values because mean flow values were not normally distributed, revealed significant reductions in the highest flows with increasing age (p < 0. 0001, r = -0. 539). There were no significant changes in the low flow compartment with age ( Fig. 4) .
End-tidal CO2-adjusted CBF
Adjusting CBF by end-tidal CO2 did not signifi cantly alter CBF values and the relationships de scribed above except for the CBF/age relationship. The relationship between CBF and age in the cor tical ROIs lost its significance, but not the trend when CBF was adjusted for end-tidal CO2 , The re lationship held in the MCA territory on level I (p = 0.02, r = -0.214) and in the putamen (p = 0.003, r = -0.278) and caudate (p = 0.03, r = -0. 207). The CBF/age relationship was not lost in the high flow compartment when CBF was corrected for end-tidal CO2 on either level I (p = 0.02, r = -0.287) or level 2 (p = 0. 03, r = -0. 283).
Brain atrophy
There was a significant negative relationship be tween the ratio of brain tissue to cranial cavity size and age (p = 0. 001). This loss of brain tissue ap peared to be due to shrinkage of the total brain vol ume, accompanied by an increase in extraparenchy mal and ventricular size but without definable en largement of the sulci.
DISCUSSION
Xe-CT background
Owing to its pharmacologic properties, the rou tine derivation of clinically useful CBF information from sequential CT imaging and stable Xe inhala tion demanded severe restrictions on the concentra tion and duration of Xe inhalation. While 80% Xe results in a surgical plane of anesthesia, <35% Xe normally produces only a mild hyperesthetic and disassociated feeling, which many individuals find pleasant. However, some (�2%) do find these sen- , 1981) . Because the effects of Xe on EEG (Holl et aI., 1987; Sclabassi et aI. , 1987) , trans cranial Doppler (Giller et aI., 1990) , the sensorium (Y onas et aI. , 1981; Holl et aI. , 1987; Sclabassi et aI. , 1987) , and the incidence of apnea (Winkler et aI., 1987) tend to increase gradually af ter 2 min of Xe inhalation, a study duration of <S min was empirically selected. More than 90% of >3,000 patients have tolerated 33% Xe for 4.S min with minimal to no difficulty. This duration of time is also compatible in 90% of ambulatory patients with minimal head motion as required for image reg istration.
Our initial studies were also limited by heat loading constraints of CT scanners, so that only lim ited numbers of scans could be obtained during 4.S min of Xe inhalation. While fewer scans at more CT levels could have provided more levels of CBF ex amination, we elected to obtain more data points (ideally two prior to and six during Xe inhalation) at fewer levels to improve the statistical significance of the calculated flow values (Gur et aI., 1989) . A four-image enhanced series was elected for use in our normative study to limit the radiation dosage to <18 rads per CT level. This highly collimated dose delivered to the scalp, skull, and brain is associated with a < 1/10,000 incidence of related tumor causa tion (Johnson et aI. , 1991) . This low risk is due to the known unique radiation insensitivity of these structures. The slightly higher associated tumor risk of the full eight-image protocol, while still statisti cally low, should be considered, and for that rea son, this technology should be applied especially in the very young when the CBF data study has high potential for direct impact on clinical decision mak ing.
Current applications
The ability to perform Xe-CT CBF studies has been most actively pursued by clinicians involved in direct patient care. The capability of Xe-CT to define flow with high resolution (full width at half maximum, �6 mm) at or near zero in large or small, even centrally located brain regions has clinical im pact in acute stroke management on the decision whether or not to pursue aggressive clinical means to induce reperfusion (Hughes et aI. , 1989; Stringer et aI. , 1989) . A predictive ability for brain death has been reported (Darby et aI., 1987; Ashwal et aI., 1989) . A threshold for irreversible ischemia of <IS ml . 100 g -1 • min -1 has been defined with Xe-CT CBF determination in aneurysm patients with va sospasm (Y onas et aI. , 1989 ) and has provided a flow level below which aggressive means must be utilized to rapidly elevate flow if infarction is to be prevented.
The ability to repeat Xe-CT CBF studies at 20min intervals has also made it possible to directly test the effectiveness of proposed therapies to aug ment flow (hypertension, mannitol). Repeatability after varying CO2 or administering acetazolamide also allows for an assessment of flow reserves by indirectly appraising the vasodilative status of the cerebral circulation (Rogg et aI., 1989) . Xe-CT CBF studies during and after temporary balloon testing of the internal cerebral artery have also proved to be a clinically useful means of assessing collateral potential about the circle of Willis (Erba et aI., 1988; deVries et aI. , 1990) .
CBF analysis
Because Xe-CT measurement of CBF generates a very large data base (10,000-20,000 values/CT slice), the development of a standardized approach to this information presents a challenge. The per ceived utility of this type of data by different clinical teams has led at our institution to a large number of studies being performed. This has resulted in the need to create a simplified means of extracting CBF data by technicians that can be analyzed at a later time. We selected 2-cm diameter circles because of ease of placement about the cortical mantle, which in the adult also normally measures �2 cm in depth. Smaller circles measuring 5-mm in diameter were also arbitrarily chosen because they could easily be placed within defined highest or lowest flow re gions. While tracing of gray or white matter directly on CT images with computer transfer to the flow map for analysis has been utilized, the 2.0-and 0.5cm circle placement has proved to be a clinically useful method requiring minimal nonphysician time for data collection. Our current data base was di rected toward vascular territories instead of lobes of the brain because in our experience the greatest application of this type of data involves providing insight into vascular disorders. The information is referable only to the supratentorial structures be cause only two CT levels were included in this anal ysis. Although flow values within the posterior fossa can be obtained by angling the CT gantry to minimize intrapetrous artifact, quality information in this region is not as consistently obtained as su pratentorial data.
Normative data
Despite the theoretical and physical limitations of Xe-CT measurement of CBF, the clustering of mixed cortical circles within known vascular terri tories has proved to be a useful means of CBF anal ysis. The placement of contiguous 2-cm circles within the cortical mantle of a brain slice permits the rapid sampling of relatively large volumes of tissue containing voxels with both gray and white matter. The average of all such mixed cortical cir cles was 51 ± 10 ml . 100 g-I . min -I, and is in agreement with similar measures of the cortical mantle arrived at by other quantitative CBF meth ods (Meyer et aI., 1978; Frackowiak et aI., 1980; Huang et aI., 1983; Herscovitch et aI., 1987; Rod riguez et aI., 1988) . Sampling of the 30 highest and 30 lowest flow values with 5-mm diameter ROIs within each hemisphere provided a more arbitrary and arduous means of assessing flow compartments. The highest (average 84 ± 14 mi , 100 g-I . min-I) and lowest (average 20 ± 5 ml . 100 g -I . min -I) flow compartments appear to provide relatively pure sampling of gray matter in that it agrees closely with other normative data for gray and white mat-ter. Accordingly, our high and low flow values, which were appropriately in either gray and white matter when correlated with their baseline CT image, are also in close agreement with the flow measurements obtained with other high-resolution CBF methods (Frackowiak et aI., 1980; Wolfson et aI., 1990) .
Many studies have shown hemispheric flow to be symmetric at rest (Melamed et aI., 1980; Meyer et aI., 1981 Meyer et aI., , 1987 . We found this to be true in all ter ritories except in the distribution of the ACA, where flows on the right were significantly greater than flows on the left. Rodriguez et al. (1988) re ported similar findings in which flows in the right inferior frontal areas were significantly greater than in homologous areas in the left hemisphere. The differences we have observed may have been the result of verbal stimulation by the study monitor as queries about tolerance to xenon inhalation and coaching of respiration continued throughout most studies.
The decreases in mixed cortical flow with age are consistent with the findings of others using not only the Xe-CT method of CBF determination (Meyer et aI., 1981; Amano et aI., 1982; Tachibana et aI., 1984c; Imai et aI., 1988) , but also the 133Xe inhala tion method (Naritomi et aI., 1979; Melamed et aI., 1980; Yamaguchi et aI., 1983; Rodriguez et aI., 1988) . Consistent with the finding of several other investigators, decreases in mixed cortical CBF did not extend to the distribution of the PCA (thalamus and occipital cortex) (Naritomi et al., 1978; Melamed et aI., 1980; Meyer et aI., 1981) . It has been suggested that sparing of CBF within the dis tribution of the PCA with age is related in some way to the fact that the visual centers are located in this area (Naritomi et aI., 1978; Melamed et aI., 1980; Meyer et aI., 1981) . However, these findings are not universal. Imai et ai. (1988) found significant age related CBF reductions within the occipital cortex.
Consistent with reports of Meyer et ai. (1987) and Tachibana et ai. (1984b) , we found that the high flow compartment had the largest decrease in flow with age. Of interest is the observation that our low est flow compartment, which should represent rel atively pure white matter, was very stable for all ages. While several authors report declines in white matter CBF with increasing age (Meyer et aI., 1981; Amano et aI., 1982; Imai et aI., 1988) , these reduc tions have been smaller than those found in gray matter. While age-related white matter declines in CBF may be attributed to many causes (Naritomi et aI., 1978; Yamaguchi et aI., 1983; Imai et aI., 1988; Takeda et aI., 1988) , the decreases found by others may be due to "contamination" of low flow values by contiguous high flow regions. We believe that the stability of Xe-CT-derived CBF values in deep white matter and the rarity with which flow values occur below 10 ml . 100 g-I . min -I (>2 SD), and certainly below 5 mI· 100 g-I . min-I (>3 SD), provide a clinically useful thntshold for the deter mination of normal white matter through blood flow analysis.
Because some clinicians may be more accus tomed to looking at entire vascular territories, we have co nducted a comparison of flow values deter mined by tracing the entire vascular territory with values determined by clustering 2-cm ROIs within each territory. Within the distributions of the ACA and PCA, which contained relatively small amounts of subcortical white matter, flow values were simi lar between the two approaches. Within the MCA territory, larger CBF values were obtained when using information derived from 2-cm ROIs placed within the cortical mantle. CBF values measured in the thalamus were also higher using 2-cm circles. It is apparent that numerical differences observed be tween these sampling approaches depend simply upon the anatomical substrate within selected ROIs. When tracing an entire vascular area, more deep white matter is invariably included than if grouped 2-cm cortical circular ROIs are used. These results would suggest that either approach can be used in routine clinical analysis and interpre tation of Xe-CT CBF data. While a traced ROI cov ering an entire vascular territory averages thou sands of voxels per measurement, providing a very stable averaged flow value, the clustering of stan dardized circular ROIs within a vascular territory is less arduous to derive and less subject to human variability of interpretation of brain anatomy, and provided equally stable flow values with greater flexibility to analyze the data for interregional vari ations (Tarr et aI., 1990 , Darby et aI., 1991 .
Earlier reports have evaluated differences in CBF between the sexes (Gur et aI., 1982 (Gur et aI., , 1987 Davis et aI., 1983; Shaw et aI., 1984) and have reported higher flow values in women. However, Melamed et al. (1980) and Hannay et al. (1983) found no dif ferences in CBF between the sexes. While we could find no significant differences in CBF between the sexes in our end-tidal CO2-uncorrected data, the application of a 3% CO2 correction would give women higher flow values.
Problem areas
Appropriate concern about the inherent potential for error in Xe-CT, primarily due to the relatively low signal-to-noise ratio (7-8: 1) inherent with Xe CT CBF and the relatively noisy data base, has been reported. Gur et al. (1989) reported that while a single low flow voxel (l x 1 x 10 mm3) may have a 100% error, the error associated with a single 5and a 20-mm diameter ROI is �25 and 12%, respec tively. The error associated with the average of 60 5-mm ROIs on a CT slice for high and low flow ROIs would be < 12%. In animal studies the repro ducibility of similarly large ROIs has also had an error of �12% (Yonas et aI., 1987a) . Thus, by av eraging large numbers of voxels within ROIs, the error due to noise can be minimized to clinically acceptable levels. In this way, even very low flow values derived from all of thousands of adjacent voxels can be utilized in brain death analysis with a high degree of confidence to reflect flow values at or very near zero.
Although 33% Xe inhalation has been shown to variably activate CBF, increases of 30-40% have been recorded especially if CO2 is supplemented (Obrist et aI., 1985) . With the absence of any intra cranial pressure rise in clinical (Darby et aI., 1989; Marion and Crosby, 1991) and laboratory (Darby et aI., 1991) studies, a more moderate degree of acti vation as recorded by most observers (Obrist et aI., 1985; Dettmers et aI., 1987) suggests that a 1().-20% delayed activation is more common (Giller et aI., 1990) . Computer simulations have demonstrated that even a 45% abrupt but delayed elevation of CBF increases calculated fast flows by <5% Lindstrom, 1991) . Thus, flow acti vation does not significantly lessen the quantitative value of Xe-CT -determined CBF while potentially increasing the clinical significance of the very low flow values that Xe-CT is uniquely able to record.
